Genetic diversity, introgression and relationships were studied in 521 individuals from 9 African Bos indicus and 3 Bos taurus cattle breeds in Cameroon and Nigeria using genotype information on 28 markers (16 microsatellite, 7 milk protein and 5 blood protein markers). The genotypes of 13 of the 16 microsatellite markers studied on three European (German Angus, German Simmental and German Yellow) and two Indian (Nelore and Ongole) breeds were used to assess the relationships between them and the African breeds. Diversity levels at microsatellite loci were higher in the zebu than in the taurine breeds and were generally similar for protein loci in the breeds in each group. Microsatellite allelic distribution displayed groups of alleles specific to the Indian zebu, African taurine and European taurine. The level of the Indian zebu genetic admixture proportions in the African zebus was higher than the African taurine and European taurine admixture proportions, and ranged from 58.1% to 74.0%. The African taurine breed, Muturu was free of Indian zebu genes while its counter Namchi was highly introgressed (30.2%). Phylogenic reconstruction and principal component analysis indicate close relationships among the zebu breeds in Cameroon and Nigeria and a large genetic divergence between the main cattle groups -African taurine, European taurine and Indian zebu, and a central position for the African zebus. The study presents the first comprehensive information on the hybrid composition of the individual cattle breeds of Cameroon and Nigeria and the genetic relationships existing among them and other breeds outside of Africa. Strong evidence supporting separate domestication events for the Bos species is also provided. genetic diversity / introgression / relationship / cattle
INTRODUCTION
The need to increase, maintain and conserve genetic diversity in animal and plant species has been recognized [36] . Attention has consequently been turned to this direction with every tool including phenotypic parameters, biochemical and molecular genetic techniques being utilized to assess animal and plant genetic diversity. The job is far from being done especially with regards to African cattle breeds and their unique history of origin. MacHugh et al. [25] in a study on cattle breeds from Africa, Europe and India reported the highest diversity levels in African Bos indicus breeds, which are comparable to diversity levels at a center of origin [22] . The admixed nature of African Bos indicus breeds is thought to be responsible for its increased level of diversity [26] . It is therefore necessary to assess diversity levels in more breeds in the region in order to determine improvement and conservation priorities. This is especially necessary owing to the husbandry systems practiced by local livestock farmers, which may affect diversity levels through the breeding of relatives and high gene flow between breeds.
The issues surrounding the origin and domestication of today's African cattle breeds [9, 10, 14, 28] , especially the theory of an African center of domestication for the African taurine [4, 6, 15, 23, 25] needs further clarification. The results of several investigations have also indicated that African zebu cattle are an admixture of Bos indicus and Bos taurus [4, 15, 25] . The levels of Asian zebu genes in the African breeds are different and need to be determined for each breed. Some studies have estimated zebu admixture levels at about 50.0% to 83.0% in African zebus [15, 25] and levels up to 45.0% in African taurines [15] . In a recent study Achukwi et al. [1] demonstrated that the Namchi (taurine) with a lower level of zebu genes showed a higher level of resistance to trypanosomiasis as compared to another taurine, Kapsiki, which has a higher level of zebu genes. The high levels of zebu genes reported in some African taurine breeds by Hanotte et al. [15] is particularly alarming and the African taurines stand to lose their identity should this trend continue. It is therefore necessary to assess the levels of Asian zebu genes in African cattle breeds, particularly the taurines to enable their continued survival through effective management decisions.
The aim of the study was to assess genetic diversity and introgression levels in Bos indicus and Bos taurus cattle breeds in Cameroon and Nigeria necessary for sustainable management and conservation decisions, and to assess the phylogenetic relationships existing between them and cattle breeds in Europe and Asia with the hope of providing further information on the history of their origins.
MATERIALS AND METHODS

Studied breeds
Blood samples were obtained from 9 Bos indicus (zebu) breeds in Cameroon (Red Bororo, n = 52; White Fulani, n = 44; Banyo Gudali, n = 77; Ngaoundere Gudali, n = 55) and Nigeria (Red Bororo, n = 52; White Fulani, n = 53; Sokoto Gudali, n = 65; Adamawa Gudali, n = 11; Wadara, n = 36) and 3 Bos taurus breeds (Namchi, n = 30 in Cameroon, and Muturu, n = 20 and N'Dama, n = 26, both in Nigeria). The individuals sampled were at distant locations and unrelated. DNA was isolated from white blood cells according to a modified protocol of Montgomery and Sise [31] . In addition, the data of 3 European Bos taurus breeds (German Angus, n = 54; German Simmental, n = 50 and German Yellow, n = 50) and 2 Indian Bos indicus breeds (Nelore, n = 54 and Ongole, n = 60) were included for comparative purposes.
Studied markers
A total of 28 markers including 5 blood protein markers (albumin-ALB, carbonic anhydrase-CA II, vitamin D-binding protein-GC, heamoglobin-HBB and transferrin-TF), 7 milk protein markers (α S 1 -casein 5' promoter region-CSN1S1Prom, α S 1 -casein-CSN1S1, α S 2 -casein-CSN1S2, β-casein-CSN2, κ-casein-CSN3, α-lactalbumin-LAA and β-lactoglobulin-LGB) and 16 microsatellite markers (BM1818, BM1824, BM2113, CSSM66, ETH10, ETH152, ETH185, HEL1, HEL5, HEL13, ILSTS6, INRA23, INRA37, SPS115, TGLA122 and TGLA126) were studied. The microsatellites are from a list recommended by the FAO and the International Society for Animal Genetics (http://www.projects.roslin.ac.uk/) for use in cattle biodiversity studies.
Genotyping of blood and milk protein markers
Information on genotyping and allele frequencies of the protein markers (blood and milk) except for the three European taurine breeds and the two Indian zebu breeds are found respectively in Ibeagha-Awemu et al. [18, 19] .
Genotyping of microsatellite markers
Microsatellites were PCR amplified using their respective primer pairs as detailed in http://www.projects.roslin.ac.uk/. Amplified PCR products were analyzed under denaturing conditions in 0.5 mm thick polyacrylamide gels (5.5% w/v acrylamide, 6 M urea) using the half automatic sequencing system A.L.F. express (Amersham Pharmacia, Freiburg, Germany). Allele sizes standardized (with Giessen 2000) to the agreed size of international DNA reference samples (http://www.projects.roslin.ac.uk/) were analyzed with the computer program Allelinks (version 1.00) (Amersham Pharmacia Biotech Europe GmbH, Freiburg, Germany).
Microsatellite data for the European breeds were analyzed within RESGEN Project No CT98-118 while data for the Indian breeds were obtained from CaDBase (Cattle diversity data base, http://www.projects.roslin.ac.uk) and previously reported by Loftus et al. [22] .
Statistical analysis
Allele frequencies: Frequencies of alleles at the analyzed loci were estimated using the GENEPOP program (version 3.3) [39] .
Heterozygosity and gene diversity: Estimates of observed heterozygosity (H ob ) and unbiased gene diversity (expected unbiased heterozygosity, H exp ) for each breed were obtained with the POPGENE program (version 1.31) [44] . H exp was estimated using the algorithm of Levene [21] , which is the same as Nei's [34] unbiased heterozygosity.
Estimation of genetic admixture proportions: Genetic admixture proportions of the studied breeds were estimated using a coalescent approach (mY) [3] , which takes into account allele frequencies and the molecular distances between alleles. Alleles at Indian zebu, African taurine and European taurine diagnostic loci and the program Admix 2.0 [8] were used to estimate mY. The parental populations used were the following: P1 = a pool of genes from two Indian zebu breeds, Nelore and Ongole; P2 = a pool of genes from two African taurine breeds, Muturu and N'Dama; and P3 = a pool of genes from two European taurine breeds, German Angus and German Yellow.
Genetic distances and relationships: Nei's D A genetic distances [35] were estimated between the African breed pairs on the basis of all markers, and between all breed pairs on the basis of 13 microsatellite markers using the DISPAN program [37] . The Neighbor-joining (N-J) method of Saitou and Nei [40] was applied in phylogeny construction using the NEIGHBOR and DRAWTREE programs of PHYLIP version 3.6b [12] .
Principal component (PC) analysis: Principal components were was calculated for all breeds using allele frequencies of 13 microsatellite markers.
The procedures described by Cavalli-Sforza et al. [5] and the SPSS 10.0 Software (SPSS Inc., Chicago, USA) were used in PC estimates.
RESULTS
Genetic diversity
In total, 225 alleles were detected at all loci (28) . Out of this number, 184 were detected at microsatellite loci, 21 at blood protein loci and 20 at milk protein loci. Estimates of H ob and H exp for all loci and breeds are presented in Table I . In general, heterozygosity estimates were the highest for microsatellite markers followed by blood protein and lastly milk protein markers. These estimates were also higher in the African zebus than the taurine breeds. Mean H ob and H exp values at microsatellite loci were similar for breeds in the African zebu group -H ob values ranged from 0.652 to 0.697 and H exp from 0.703 to 0.744. In the African taurine group, the lowest and highest H ob values occurred respectively in Muturu and N'Dama and H exp in Muturu and Namchi. At blood protein loci Adamawa Gudali had the highest H ob and H exp values (0.473, 0.482) and Muturu the lowest values (0.210, 0.139). Estimates at milk protein loci were different for breeds in the taurine group but generally similar in the zebu group. Overall H exp estimates within breeds ranged from 0.385 (Muturu) to 0.600 (Cameroonian White Fulani).
Microsatellite allelic distribution
A high disparity in microsatellite allelic distribution between the African zebu and taurine breeds was observed. A total of 184 alleles at different frequencies were identified at the 16 microsatellite loci (data not shown). The most polymorphic locus was ETH185 with 18 alleles and the least polymorphic was ETH152 with 8 alleles. An average of 11.5 alleles occurred per microsatellite locus. 16 .9% (31) of the identified alleles were common to all breeds while 16.3% (30) were specific to certain breeds. At least one breed specific allele occurred at all loci with the highest number at the BM1824 locus (5) and Nigerian White Fulani breed (7) . The Namchi in the taurine group had more alleles in common with the indicine breeds than did the N'Dama and Muturu.
For 10 of the loci (BM1824, BM2113, CSSM66, ETH10, ETH152, HEL1, HEL13, INRA23, ILSTS6 and TGLA122), scored alleles were identified that were present at higher frequencies in breeds in each bio-geographical grouping (Africa, Europe and India), and absent or present at relatively lower frequencies in breeds in the other bio-geographical groups (Fig. 1 ). All the breeds were clearly separated by alleles at three of these loci (ETH10, HEL1 and HEL13).
Following the definition of MacHugh et al. [25] , these alleles were considered diagnostic or specific for breeds in the bio-geographical groupings. Zebu alleles were identified at seven of the ten loci and their mean frequency distribution was the highest in Indian zebus (63.1%) followed by African zebus (45.2%) while being less than 10.0% in both African and European taurines. For the taurine breeds, German Yellow had the lowest proportion of zebu alleles (0.1%) followed by Muturu (0.4%) while Namchi had the highest (20.4%). Due to the higher frequencies of these alleles in the Indian than African zebu, they will henceforth be denoted "Indian zebu specific alleles". African taurine specific alleles were present at seven loci and their distribution in the African taurines was 56.4% in Muturu, 53.8% in N'Dama and 39.0% in Namchi. Their mean value was higher in the African zebu than the European taurine while the Indian zebu had the lowest value. In fact, only two of the seven African taurine specific alleles were identified in the Indian zebus. Identified European taurine specific alleles were seven at seven loci. Their distribution was the highest as expected in the European taurines (32.5%) while being less than 4.0% in breeds in the other bio-geographical groups.
Genetic admixture
The coefficients of admixture per breed and bio-geographical grouping are presented in Table II . The Indian zebu genetic proportions in the African zebus ranged from 58.1% (Ngaoundere Gudali) to 74.0% (Nigerian Red Bororo). The African Namchi in the taurine group received the highest level of Indian zebu genes (30.2%) while the Muturu and German Angus were very less influenced (negative coefficients). The African taurine influence was above 8.0% in the African zebus, 11.9% in the Ongole and 12.9% in German Angus. Nelore and two European taurines had little or no genes of African taurine origin. European taurine influence was very evident in the African breeds (1.5 to 37.5% in the zebus and 4.5 to 50.1% in the taurines) and the Indian Nelore (14.3%). Only one breed, Ongole was not influenced by the genes of the European taurine origin.
Genetic distances and phylogeny
Low D A estimates (Tab. III) were observed between the African zebu breed pairs and higher estimates between the zebu and taurine pairs. The lowest D A distance was between the Nigerian White Fulani and Sokoto Gudali (0.028) and the highest between the Cameroonian White Fulani and Muturu (0.299).
The unrooted tree of phylogeny shows a clear separation between the African zebus and taurine breeds (Fig. 2) . Eight of the zebu breeds are to be found in a tight cluster at one end and two taurine breeds, the Muturu and N'Dama at the Table III . Matrix of D A genetic distances between 12 African cattle breeds on the basis of 28 markers (16 microsatellite markers and 12 protein markers) (below diagonal) and between 17 cattle breeds on the basis of 13 microsatellite markers (above diagonal).
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African other end. The Adamawa Gudali and Namchi occupied the central region but with each closer to its own breed group.
As expected, large D A estimates (Tab. III) on the basis of 13 markers considering all 17 breeds were observed between breed pairs of one breed group and another while lower distances occurred between members within the same group.
Principal components of allele frequency distributions
The result of PC on the allele frequencies of 13 microsatellite markers on all breeds is presented in Figure 3 , and further explains the relationships existing among these breeds. Three groups were each evident on the basis of the 1st (40.1%) and 2nd (24.3%) PC values and clearly portray the magnitude of divergence between them. The three groups under the 1st PC were the Indian zebus, African zebus and African/European taurines and under the 2nd PC, European taurines/Indian zebus, African zebus and African taurines. The separation between the African taurines and European taurines was clear under the 2nd PC and between European taurines and Indian zebus under the 1st PC. The African zebus on the basis of both PC values occupied a position midway between the two extremes -African taurines and Indian zebus.
DISCUSSION
A high number of unique microsatellite alleles in the African zebu breeds are suggestive of a large effective population size and thus the retention of these alleles. The general absence of unique alleles in the taurine breeds is supported by their low population size. Encroaching zebu breeds into the humid zone with the help of veterinary prophylaxes have forced the few remaining taurine populations into limited locations in the zone. All the African taurine breeds in this study are at risk of endangerment [11, 29] .
Microsatellite allelic distribution in the breeds is a further proof of the heavy influence of Indian zebu cattle and taurine (African and European) breeds on the zebu breeds in Africa. This is evident by the distribution of group specific microsatellite alleles, especially Indian zebu specific and African taurine specific alleles in these breeds. Some of the Indian zebu diagnostic loci/alleles observed in this study have been previously described [22, 25, 30] . Alleles at the diagnostic loci ETH152 and HEL1 described by MacHugh et al. [25] are the same observed here except ETH152 193 and HEL1 111 . Zebu specific alleles have also been reported at blood and milk protein loci [18, 19] . The observation of African taurine diagnostic loci/alleles in this study is supported by MacHugh [24] , who, however, did not report European taurine diagnostic alleles. European taurine diagnostic allele 113 bp of HEL1, a locus also considered by MacHugh [24] , was completely absent in all the African taurines and Indian zebus in this study, and only present in one African zebu breed at a low frequency of 0.021. African taurine specific allele INRA37 114 described by Moazami-Goudarzi et al. [30] was absent in the Namchi and N'Dama breeds and occurred at a low frequency (3.1%) in the Muturu breed. This allele was consequently not considered African taurine specific in this study. The distribution of European taurine specific alleles was even more surprising, from a mean frequency of 0.325 in the European taurines to 0.013 in the Indian zebus. Even in the African taurines, a mean frequency of 0.022 for these alleles was far from expectation and was therefore indicative of a large evolutionary divergence between African and European taurines.
The general distribution of group specific alleles concurred with distance and history of breed development. The trend for Indian zebu diagnostic alleles (Indian zebu>African zebu>African taurine>European taurine) is supported by the history of introduction of zebu genes into Africa and Europe [10, 15] and by investigations with other markers, which show a higher number of allele sharing between Indian and African zebu breeds [27, 33, 38] . In a recent study, Loftus et al. [22] also recorded the presence of Indian zebu diagnostic alleles in some European cattle breeds, Hungarian Grey (2.2%) and Turkish Grey (10.4%). The distribution of group specific alleles could be interpreted as the retention of a higher number of alleles at these locations (Africa, Europe, India), here regarded centers of origin, and a large evolutionary divergence between them.
The estimator mY [3] was adopted in assessing the admixture proportions of the breeds in this study because it is particularly suited for the assessment of admixed populations with distant parental lines and has been shown to perform well in most situations [7] . The admixture coefficients and the proportion of group specific alleles have indicated the extent of their influence on the zebu breeds in Cameroon and Nigeria, with a heavier influence coming from the Indian zebus. The fact that no microsatellite alleles were specific to the African zebus is a confirmation of their composite nature. The Indian zebus less influenced some of the African and European taurines. The proportion of zebu alleles at microsatellite loci in the Namchi and N'Dama breeds and the observations of a heavy zebu influence at milk and blood protein loci [18, 19] could be recent and probably not a primary influence from Indian breeds, but secondary through the established admixed African zebus. Similar high levels of introgression of Indian zebu genes into African zebu breeds have been reported by MacHugh et al. [25] (59.8−83.2%) and Hanotte et al. [15] (54.8−83.2%). The admixed compositions of African zebu breeds are also evident through the analysis of other autosomal markers, sex chromosomes and mitochondria DNA [2, 4, 13, 16, 25] . The hybrids also predominate over the taurines in today's Cameroon and Nigeria and may be explained by the migratory and war history of the people of Africa. The main Arab invasion of 700 AD, the outbreak of diseases [9] , many Muslim holy wars in the West African region during the 19th century [32] and encroaching arid conditions could have contributed to the distribution of zebu genes in African cattle breeds. Encroaching zebu breeds continue to be a threat to the few remaining taurine populations through secondary introgressions, with the examples being the Namchi and N'Dama breeds in this study, N'Dama populations in MacHugh et al. [25] and several taurine breeds in Hanotte et al. [15] . The estimated zebu influence at microsatellite loci (30.2%) on the Namchi breed is lower than at blood protein loci (61.5%) [18] , and on the basis of trypanotolerance, indicates a greater danger of dilution from candidate genes than from neutral markers. A study by Achukwi et al. [1] indicated that the taurine breed Kapsiki with a higher level of zebu genes than Namchi was more prone to trypanosomal infection.
It is clear from this study that Bos taurus (European and African) and Bos indicus cattle possess very distinct allelic distributions and that zebu breeds in Cameroon and Nigeria have a mixture of both African/European Bos taurus and Indian zebu alleles, thus substantiating their high diversity status. Genetic diversity of African zebu breeds is higher than the values reported for most European taurine breeds [17, 22, 25] and Indian zebu breeds [22, 25] , and compares to reports on other African Bos indicus breeds [25, 30] , breeds in Turkey, and the Near East [22] and Korean and Chinese cattle [20] . Loftus et al. [22] interpreted high gene diversity in the Near Eastern breeds as having resulted from a retention of a high number of alleles by populations in a center of origin and also an influence from Indian zebu breeds. A higher diversity level in the Namchi breed as compared to the Muturu and N'Dama could be seen as an influence from the zebu breeds. This was justified by the observed higher level of zebu genes in Namchi than in the Muturu and N'Dama.
The observed D A genetic distances measured among the cattle breeds in Cameroon and Nigeria, and among cattle breeds in the different continents are supported by the long divergence period reported between Bos taurus and Bos indicus cattle breeds [23, 25] . The very close relationship for the zebu breeds in Cameroon and Nigeria was surprising. The breeds are quite distinct phenotypically and one would have expected this to be reflected in the dendrogram and PC of relationships. Even though it is considered that the Gudalis are among the true shorthorn zebus of West Africa [42] , an examination of the mY1 admixed coefficients gave this credit rather to the Nigerian Red Bororo. Adamawa Gudali was the zebu that diverged the most from the others. Its low sample size and the high genetic contribution (mY2 = 38.2%) from the African taurine could be responsible for this behavior. Close relationships for the zebus may be the consequence of management practices that promote high gene flow between them while slight differences could be attributed to genetic drift, which is in line with the migratory histories of the Fulani people. Clustering in the African tree also agreed with the origins of the breeds. The status of the two main species (Bos indicus and Bos taurus) was clearly defined, indicating therefore a large divergence between them. Namchi, however, clustered closer to the zebus owing to the relatively high level (mY1 = 30.2%) of Bos indicus genes in them. This observation on the Namchi is similar to an earlier observation on another African taurine breed, the Kuri [41] . The Namchi is traditionally found at the Northwestern foothills of the Poli Mountains in the North Province of Cameroon about 400 km south of Lake Chad, the habitat of the Kuri cattle. The two breeds by virtue of their location could have been more exposed to crossbreeding with the zebu breeds, thus substantiating their high levels of zebu genes.
The groupings (African zebu, African taurine, Indian zebu and European taurine) observed after multivariate variations between all 17 breeds have thrown more light on their origin and domestication histories. The transitional position of the African zebu between the other breed groups has been clarified by their admixed coefficients while positioning of the other groups is evidence of a high genetic divergence between them. The African taurine influence on the African zebus was higher than the European taurine influence. Based on these findings, a high influence of European Bos taurus genes of up to 74.0% on other cattle breeds in the continent as indicated by Hanotte et al. [15] is probably a joint influence from African and European taurines. Recent efforts by the Governments of Cameroon and Nigeria in the colonial and immediate postcolonial era to further introduce European taurine genes in the region through upgrading programs did not succeed. This is understandable because grade animals could not survive the harsh environments of the tropics.
In light of the large divergence between the Bos species in this study, suggestions of separate domestication events in the different continents, especially an African center of domestication for African taurine [4, 15, 23, 25, 43] are supported.
It is concluded from this study that cattle breeds in Cameroon and Nigeria are a unique part of the global animal genetic resource. Their hybridized status and high diversity levels present ingredients necessary for breed improvement, development and conservation. High levels of zebu gene introgression in the Namchi African taurine breed stand to threaten its special characteristic of trypanotolerance. Sustainable management decisions must be aimed at limiting zebu genetic exchanges with the taurines, while maintaining diversity for future exploitation. The nine zebu breeds in Cameroon and Nigeria are closely related and are stabilized hybrids of Indian Bos indicus and African/European Bos taurus. They are also highly diverged from their counterpart taurines. High genetic divergence between the Bos species in Africa, Europe and India is supportive evidence that they could have been domesticated independently.
